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論文内容要約 
Present thesis aims to investigate transport phenomena of oxide ions in mixed conducting oxide electrodes for solid 
oxide fuel cells (SOFCs) in an experimental manner. La0.6Sr0.4CoO3-δ is chosen as a model electrode, and mass 
transport phenomena of oxide ions were clarified by the evaluation of the electrochemically active area with 
operando micro X-ray absorption spectroscopy (XAS) measurement. For the direct evaluation of electrochemically 
active area in a porous La0.6Sr0.4CoO3-δ electrode, operando micro XAS technique was developed in Chapter 2. In 
Chapter 3, the characteristic length of the electrochemically active area lδ estimated by developed evaluation 
technique was confirmed by the comparison with the simulated reaction distribution. For quantitative evaluation 
while eliminating the influence of the microstructures of the porous electrode, a model patterned thin film 
electrode was proposed in Chapter 4. From measurements of operando micro XAS, electrochemical impedance 
spectroscopy, and oxygen isotope exchange for a La0.6Sr0.4CoO3-δ patterned thin film electrode, lδ was quantitatively 
evaluated and confirmed to be basically determined by the competition between the surface reaction and the bulk 
diffusion. 
In Chapter 1, general introduction of the present thesis was written. For establishing the sustainable 
society, the advantages of SOFCs was briefly mentioned. Mixed ionic and electronic conductors (MIECs) are 
typically used as SOFC cathodes. In SOFC MIEC cathodes, the elemental reaction steps on an MIEC electrode, 
including reactions at the triple-phase boundaries TPB (gas/electrode/electrolyte) and on the double-phase 
boundaries DPB (gas/electrode) were explained. The importance of the surface exchange coefficient k and the 
diffusion coefficient D for the DPB reaction was emphasized. It was reviewed that the conventional theory on the 
reaction distribution in a porous MIEC electrode. It was explained the ratio of D and k, and the electrode 
microstructures are considered as the governing factors determining the reaction distribution. lδ was introduced to 
express the reaction distribution in SOFC MIEC cathodes. The evaluation techniques based on the above 
mentioned theory reported in literatures, such as electrochemical impedance spectroscopy with Adler-Lane-Steele 
(ALS) model and numerical calculation with 3D electrode microstructure reconstruction, were summarized. The 
problem of the reported evaluation techniques were pointed out, and the requirement of direct measurement 
techniques are described. 
In Chapter 2, operando high temperature electrochemical micro X-ray absorption spectroscopy, which 
enabled to measure X-ray absorption spectra with the position resolution of sub-micrometer at elevated 
temperatures while controlling atmosphere conditions and passing electrical current through the specimen, was 
developed to directly evaluate the reaction distribution in SOFC MIEC cathodes. By applying this novel operando 
technique, the reaction distribution and the electrochemically active area in the porous La0.6Sr0.4CoO3-δ electrode 
was experimentally evaluated. It was found lδ was approximately 1 µm from the electrode/electrolyte interface 
under a constant cathodic overpotential of 140 mV at 873 K in 10-2 bar of oxygen partial pressure P(O2), although 
the porous electrode used in this work was thicker than 50 µm. This result clearly demonstrated that the 
electrochemical reaction in the SOFC MIEC cathode inhomogeneously took place only in the very limited area 
near the electrode/electrolyte interface, even when a mixed ionic and electronic conducting oxide was used as the 
electrode material. This was the first study which clarified the reaction distribution and the electrochemically 
active area in an SOFC MIEC electrode by means of experimental techniques. 
In Chapter 3, in order to discuss if lδ could be properly estimated by the developed technique, lδ in the 
porous La0.6Sr0.4CoO3-δ electrode was evaluated by using operando micro XAS measurement. lδ was also evaluated 
by the numerical calculation taking the microstructures of the porous electrode into account, and compared with 
the results by operando micro XAS measurement. From operando micro XAS measurement, lδ was directly 
evaluated as approximately 1 µm from the electrode/electrolyte interface under a constant cathodic overpotential 
of 140 mV at 873 K in 10-2 bar of P(O2) in the porous La0.6Sr0.4CoO3-δ electrode. From numerical calculation, the 
estimated lδ was about 2 µm from the interface under the same experimental condition. The results obtained by 
XAS measurement and numerical calculation reasonably agreed, showing the reaction distribution and the 
electrochemically active area could be evaluated. However, it was also found that quantitative evaluation of the 
reaction distribution and the electrochemically active area was difficult even when the developed direct 
measurement technique was applied, as long as a porous electrode was used because of the complicated 
microstructures of the electrode. For the quantitative evaluation of the reaction distribution and the 
electrochemically active area while eliminating the influence of the electrode microstructure on the 
electrochemically active area, it was mentioned that a model electrode simplifying the microstructure of a porous 
electrode was necessary. 
In Chapter 4, a patterned thin film electrode is proposed which modeled a porous electrode was proposed. 
This model electrode was a kind of a columnar electrode simplifying the complicated microstructures of a porous 
electrode. Then, lδ in a La0.6Sr0.4CoO3-δ patterned thin film electrode was evaluated by the operando micro XAS 
measurement. It was found that lδ was approximately 6 µm from the electrode/electrolyte interface under a 
constant cathodic overpotential of 230 mV at 973 K in 1 bar of P(O2). 18O/16O isotope exchange following the 
secondary ion mass spectroscopy was also applied to evaluate lδ. lδ was approximately 5 µm from the 
electrode/electrolyte interface under the same condition, confirming the results obtained by the operando XAS. 
Furthermore, lδ was evaluated from electrochemical impedance spectroscopy. The impedance spectrum observed 
under open circuit condition was analyzed with the Gerischer-type equivalent circuit according to the ALS model. 
lδ was obtained as about 7 µm from the interface, which agreed well with the results by abovementioned direct 
evaluation techniques. These facts demonstrated, in the case of the La0.6Sr0.4CoO3-δ patterned thin film electrode, lδ 
could be evaluated properly and quantitatively by applying the direct evaluation techniques as well as the indirect 
evaluation techniques based on the conventional theory. 
Throughout the studies in the present thesis, transport phenomena of oxide ions in a SOFC MIEC 
electrode was successfully clarified by the direct evaluation of the reaction distribution and the electrochemically 
active area in a porous La0.6Sr0.4CoO3-δ electrode and a La0.6Sr0.4CoO3-δ patterned thin film electrode. It was shown 
that the governing factors determining the reaction distribution and the electrochemically active area were the 
ratio of D and k, and the electrode microstructures. It was also demonstrated that the patterned electrode could 
provide guidelines for optimizing operating condition and the design of electrode microstructure, such as electrode 
thickness, porosity and surface area. 
